YidC is a recently discovered bacterial membrane protein that is related to the mitochondrial Oxa1p and the Alb3 protein of chloroplasts. These proteins are required in the membrane integration process of newly synthesized proteins that do not require the classical Sec machinery. Here we demonstrate that YidC is sufficient for the membrane integration of a Sec-independent protein. Microgram amounts of the purified single-spanning Pf3 coat protein were efficiently inserted into proteoliposomes containing the purified YidC. A mutant Pf3 coat protein with an extended hydrophobic region was inserted independently of YidC into the membrane both in vivo and in vitro, but its insertion was accelerated by YidC. These results show that YidC can function separately from the Sec translocase to integrate membrane proteins into the lipid bilayer.
Introduction
Most membrane proteins and exported proteins require protein catalysts for their membrane insertion and transport across membranes. In eukaryotes, the Sec61 translocon is involved in transporting both secreted and membrane proteins from the cytosol into the endoplasmic reticulum (ER) (Goerlich and Rapoport, 1993; Panzer et al, 1995) . In the mitochondrion and chloroplast, the TOM/TIM and TOC/TIC translocases, respectively, function in importing proteins from the cytosol into the organelle (Keegstra and Froehlich, 1999; Jarvis and Soll, 2001; Pfanner and Geissler, 2001) .
In prokaryotes, the SecAYEG translocase is required for the export of proteins into the periplasm (Driessen et al, 2001) . Similarly, the membrane insertion of a number of inner membrane proteins has been shown to depend on the Sec translocase, although it seems that the majority of them do not need the SecA and SecG components that are required for the exported proteins (Beck et al, 2000; Koch and Mü ller, 2000) . In addition, most membrane proteins use the bacterial SRP for targeting to the membrane, whereas secreted proteins use the SecB-SecA pathway (reviewed in Driessen et al, 2001) .
One membrane component that has been recently identified in Escherichia coli and shown to play an important role in the insertion process of newly synthesized membrane proteins is the 61 kDa YidC protein. YidC is specifically used for the insertion of membrane proteins and not for the translocation of exported proteins Samuelson et al, 2000) . Possibly, the function of YidC is to recognize hydrophobic regions of a membrane protein and to catalyse the integration of these regions in a transmembrane orientation into the membrane bilayer. As a consequence, YidC works in conjunction with the Sec translocase to transfer the transmembrane regions of Sec-dependent substrate proteins into the hydrophobic bilayer. Indeed, YidC was found to copurify with SecYEGDF (Scotti et al, 2000) . Moreover, it was shown that nascent chains of FtsQ, a membrane protein involved in E. coli cell division (Carson et al, 1991) , first contact SecY and then YidC (Urbanus et al, 2001 ). The functional relationship of YidC and Sec was also inferred by the observed inhibition of the export of proteins when Secdependent membrane proteins were stalled within the Sec translocase under conditions where YidC is limiting and the membrane protein is overproduced .
Homologues to YidC are present in mitochondria (Oxa1p) and chloroplasts (Alb3). They are involved in the membrane insertion of a subset of proteins (Herrmann et al, 1997; Moore et al, 2000) . The Oxa1p protein plays a central role in the insertion of proteins from the matrix into the mitochondrial inner membrane as mitochondria lack the Sec translocase components (Glick and von Heijne, 1996; Nargang et al, 2002) .
Some bacterial membrane proteins have been shown to insert independently of the Sec translocase (Kuhn, 1995; de Gier et al, 1998; Roos et al, 2001) . These are the singleor double-spanning coat proteins of the Pf3 and M13 filamentous phage, which have small periplasmic regions. Whereas the single-spanning Pf3 coat protein comprises only 44 amino acids, the 73-amino-acid-long M13 procoat protein is synthesized with a leader peptide and is inserted as a double-spanning protein. Both these proteins require YidC for their insertion and the translocation of their periplasmic region across the membrane Chen et al, 2002) . Since these proteins apparently do not require the Sec translocase, YidC might operate on its own.
To understand the membrane insertion process of newly synthesized proteins at the molecular level, one important step is to reconstitute this reaction in vitro with purified components. Previously, we have shown that the Sec-independent Pf3 coat protein is inserted into inverted inner membrane vesicles (INV) with the help of the membrane potential DC (Kiefer and Kuhn, 1999) . Protease-treated INVs that were blocked for Sec-dependent transport allowed normal Pf3 coat insertion, suggesting that there are two separate membrane insertion pathways. We show here that YidC is sufficient in promoting the membrane insertion of the Pf3 coat protein in vitro, demonstrating that YidC can function distinct of the Sec components.
Results

Insertion of purified Pf3 and 3L-Pf3 coat protein into liposomes
To test whether the Pf3 coat protein can insert into large unilamellar vesicles (LUVs), the protein was purified from E. coli membranes. This was achieved by first extracting the Pf3 coat protein from the membranes with 8 M urea, followed by reversed phase and size exclusion chromatography. Microgram amounts of the purified coat protein were incubated for 60 min with freshly prepared LUVs made from E. coli lipids. The protein bound to the liposomes as indicated from its presence in the pellet fraction ( Figure 1A , lane 1). The proportion of the coat proteins that was inserted into the membrane was estimated by the protease-protected fraction of the protein (lane 2). Proteinase K was added to the outside of the liposomes and the digestion was carried out for 30 min. We observed that most of the Pf3 coat protein was digested by the proteinase and was therefore not inserted into the LUVs, suggesting that the insertion of the protein requires additional factors.
A membrane potential was generated across the LUVs by the addition of valinomycin after the Pf3 coat protein had been added. When the liposomes contained 100 mM Na 2 SO 4 inside and 100 mM K 2 SO 4 outside, the addition of valinomycin generated a positive inside potential of about 200 mV visualized by oxonol fluorescence (compare Figure 2B with Figure A ). The membrane potential had only a small effect on the insertion of the Pf3 coat protein into the liposomes ( Figure 1B ). Less than 10% was found protected to the outside added protease (lane 2).
Pf3-3L
Pf3-wt Figure 2 Generation of a membrane potential across liposomes. Extruded liposomes generated in 100 mM Na 2 SO 4 were sedimented and resuspended in 100 mM Na 2 SO 4 (A) or in 100 mM K 2 SO 4 (B). To the liposomes, 0.1 mM oxonol VI was added and the fluorescence at an excitation/emission of 599/634 nm was recorded. After addition of 0.25 mM valinomycin, a transmembrane potential was generated as measured by the increase of the oxonol fluorescence. The membrane potential was abolished by the addition of 3 mg/ml alamethicin. The membrane potential was also monitored with YidC proteoliposomes (C).
Previous studies investigating the membrane insertion pathway of the Pf3 coat protein have shown that a mutant with an extended hydrophobic region (3L-Pf3 coat) was inserted into the E. coli membrane independent of the electrochemical membrane potential and independent of the two negatively charged amino-acid residues located in the Nterminal region, in contrast to the wild-type protein (Kiefer and Kuhn, 1999) . This suggested that 3L-Pf3 inserts into the membrane using a different pathway than the wild-type Pf3 coat protein, which requires a negatively charged residue as well as the membrane potential and YidC (Kiefer et al, 1997; Chen et al, 2002) . We therefore tested whether 3L-Pf3 can insert into liposomes by itself. 3L-Pf3 was purified to homogeneity and added to LUVs without and with the membrane potential ( Figure 1C and D) . The results show that the 3L-Pf3 is efficiently inserted into the liposomes and is protected from protease digestion regardless of a membrane potential. A small shift of the bands results from the clipped C-terminal tail of the inserted protein.
Membrane insertion of Pf3 and 3L-Pf3 coat proteins in vivo
The in vitro results show that Pf3 coat inserts into liposomes containing a membrane potential with a low efficiency, whereas the 3L-Pf3 coat is inserted with a high efficiency. The low efficiency of the wild-type protein is consistent with previous results showing that the membrane insertion of Pf3 coat protein requires YidC in vivo (Chen et al, 2002) . Therefore, we were interested to know whether the membrane insertion of 3L-Pf3 also depends on the presence of YidC in the cell. To analyse the YidC requirement, we used the YidC depletion strain, JS 7131, where YidC expression is under the control of an araBAD promoter and operator (Samuelson et al, 2000) . YidC expression was induced with arabinose and tightly repressed in the presence of glucose. To deplete YidC, the cells were grown for 3 h with glucose and then analysed for membrane insertion of Pf3 coat and 3L-Pf3 coat proteins ( Figure 3 ). The cells were labelled with [
35 S]-methionine for 3 min, converted to spheroplasts and analysed for protease mapping. Under both conditions, 3L-Pf3 readily inserted into the membrane and was digested by proteinase K that had been added to the outside of the spheroplasts ( Figure 3B ). Wild-type Pf3 coat protein was only membrane inserted into the cells that were grown in the presence of arabinose ( Figure 3A ). For a control, M13 procoat protein was pulse labelled for 1 min and analysed for processing and translocation ( Figure 3C ). When the cells were grown in glucose, M13 procoat processing was inhibited and the protein accumulated in a nontranslocated form. In contrast, the minor amount of the processed protein was accessible to the protease. These results show that the 3L-Pf3 coat protein does not require the function of YidC in vivo, in contrast to the wild-type Pf3 protein and M13 procoat, which are only inserted into the membrane in the presence of YidC.
Reconstitution of YidC into proteoliposomes
The 61 kDa E. coli YidC protein with a C-terminal hexahistidine tag was purified to homogeneity by affinity and ion exchange chromatography ( Figure 4 , lane 2). To investigate the function of YidC, the purified protein was reconstituted into lipid vesicles. A solubilized dry film of E. coli lipids (lane 1) was resuspended in 100 mM Na 2 SO 4 , Hepes (pH 8.0) buffer, mixed with purified YidC protein and passed through an extruder to obtain the proteoliposomes of a mean diameter of 0.25 mm. The proteoliposomes were collected by centrifugation and resuspended in 100 mM K 2 SO 4 . As can be seen by examining the Coomassie-stained SDS-polyacrylamide gel (Figure 4 , M, lanes 1-4), all the YidC is bound to the lipid vesicles (lane 4 pellet, lane 3 supernatant).
To analyse whether the reconstituted YidC is correctly oriented in the proteoliposomes, trypsin was added to the outside. After incubating at 01C for 1 h, a 42 kDa fragment was generated (lane 6, see the black arrow), which was recognized by the antiserum directed to a periplasmic YidC ]-methionine for 3 min, converted to spheroplasts and digested with 200 mg/ml proteinase K either in the absence or presence of 2% Triton X-100. The samples were immunoprecipitated with antibodies to Pf3 phage (A, B, lower panels) or to OmpA, GroE L and YidC (upper panels) and analysed by SDS-PAGE and phosphorimaging. For a control, the processing and protease accessibility of the M13 procoat protein was analysed (C).
inverted orientation (Figure 4C ), the generation of a 42 kDa fragment is expected. The result shows that most of the YidC protein is in the inverted orientation, with the large periplasmic domain of YidC localized in the lumen of the proteoliposomes.
Insertion of purified Pf3 protein into YidC proteoliposomes
To the reconstituted YidC proteoliposomes, 8 mg of purified Pf3 protein ( Figure 5A , lane 1) was added and the sample was incubated at 371C for 60 min. Following the incubation, the proteoliposomes were sedimented. The majority of the Pf3 coat was found bound to the lipid vesicles (lane 3) and not in the supernatant (lane 2). The Pf3 coat bound to the YidC lipid vesicles was analysed with proteinase K to determine the amount of the protein that was membrane inserted (lane 4). Most of the Pf3 coat protein was resistant to the added proteinase K, showing that it was efficiently inserted into the membrane. Disruption of the proteoliposomes by detergent (lane 5) resulted in a complete accessibility of the protein to the proteinase.
As a second way to show that the Pf3 coat protein can insert in a YidC-dependent manner, we examined the insertion of a Pf3 coat derivative with an extended C-terminal tail of 102 residues (Chen et al, 2002) . When this 15 kDa protein inserts into the membrane, it is expected that a 6 kDa fragment is protected from the protease by the membrane (the Pf3 coat N-terminal tail and transmembrane region) and the extended C-terminal cytoplasmic region is degraded. The purified protein is detectable by antibodies to Pf3 and also to leader peptidase recognizing the extended C-tail ( Figure 5B,  lanes 1 and 3) . Membrane insertion into the YidC proteoliposomes was followed by protease treatment (lanes 2 and 4) . The protease digested the C-terminal tail of Pf3-P2, and only a small fragment of about 6 kDa was protected (lane 2). This fragment was recognized by the antiserum to the Pf3 protein but not by the serum to leader peptidase. We conclude from this result that Pf3-P2 has a defined transmembrane topology with the N-terminal region in the lumen of the proteoliposomes and the C-terminus exposed in the cytoplasm.
To analyse the amount of YidC that is critical for Pf3 protein insertion, different dilutions of the purified YidC protein were used for the reconstitution experiments. We 3) , and analysed by proteinase K (lanes 2 and 4). The samples were applied to SDS-PAGE and immunoblotted with antiserum to the N-terminal region of the Pf3 protein (lanes 1 and 2) or to leader peptidase P2 region (lanes 3 and 4). For reference, the positions of a molecular weight marker are indicated by arrows.
found that an average of 25 molecules of YidC per liposome (protein:lipid ratio 1:25 000) was most efficient in promoting the membrane insertion of Pf3 ( Figure 6 ). Figure 6A are shown in Figure 6B . For the proteoliposomes that had an average of about 50 molecules of YidC, the kinetic of the insertion process was analysed (Figure 7) . The purified Pf3 protein was added to the energized YidC proteoliposomes and the reaction was stopped by chilling and the addition of proteinase K. Membrane insertion of the Pf3 protein into the YidC proteoliposomes was monitored for various times up to 30 min of incubation ( Figure 7A (black columns) and Figure 7C ). When no YidC protein was present, only low amounts of the Pf3 protein were resistant to the proteinase K ( Figure 7A (white columns) and Figure 7B ). When the YidC proteoliposomes had no membrane potential, a slightly lower amount of the Pf3 coat protein was inserted as compared to the proteoliposomes with potential (data not shown), suggesting that in vitro the insertion of Pf3 coat mainly occurs independent of the potential. This is reminiscent of the Sec-mediated protein translocation, where a transmembrane potential is not required in the reconstituted system (Bassilana and Wickner, 1993; Hanada et al, 1994) . , and incubated at 371C for the indicated times. The reaction was stopped by chilling on ice and the addition of 0.5 mg/ml proteinase K. The proteinase reaction was continued for 1 h at 01C. The samples were then acid precipitated and analysed by a Western immunoblot with an antiserum to Pf3 phage. The bands were quantified as described in Figure 6 . The mean values of five independent experiments were calculated (A, D).
The 3L-Pf3 protein was inserted into the YidC proteoliposomes more efficiently than the wild-type protein ( Figure 7D , compare with Figure 7A ). However, the insertion of 3L-Pf3 protein into the liposomes lacking YidC was slightly slower ( Figure 7D (white columns) and Figure 7E ) compared to its insertion into the YidC proteoliposomes ( Figure 7D (black columns) and Figure 7F ). This shows that YidC kinetically supports also the insertion of 3L-Pf3 protein.
Discussion
We show here that the YidC protein of E. coli reconstituted into liposomes can efficiently support the membrane insertion of chemical amounts of purified Pf3 coat protein ( Figures  5-7) . In the absence of YidC, only low amounts were found to insert into the liposomes (Figures 1, 6 and 7) . This suggests that YidC on its own acts as an enzyme catalysing the membrane insertion of a protein that does not use the classical Sec pathway.
The analysis of the reconstituted YidC proteoliposomes showed that the protein was oriented with the periplasmic region inside as judged from the appearance of a trypsinresistant fragment of 42 kDa (Figure 4 ). This fragment includes the large periplasmic domain between the first two transmembrane regions that is recognized by a peptidespecific antibody. A 42 kDa protease-resistant fragment is also found in inverted membrane vesicles after protease treatment (Koch et al, 2002) .
The identification of YidC as an essential component for the membrane insertion of the Sec-independent Pf3 coat protein (Chen et al, 2002) suggested that YidC constitutes a novel translocase. Indeed, we found that micrograms of the purified coat protein were inserted into the liposomes within minutes (Figure 7 ). Efficient membrane insertion was observed when more than five molecules of YidC were present in each liposome (Figure 6 ). In this experiment, about 150 Pf3 coat protein molecules had been inserted per YidC molecule, suggesting that YidC catalytically supports the insertion reaction. The most efficient insertion occurred with a density of about 25 YidC molecules per liposome (Figure 6 ), which corresponds to a protein:lipid ratio of 1:25 000.
In the absence of YidC, the Pf3 coat protein inserted into the liposomes, although with a low efficiency ( Figure 1B ). This indicates that the protein can, in principle, autonomously insert into the membrane bilayer, but to make this reaction efficient YidC is needed for enzymatic support. Whether autonomous membrane insertion occurs also in vivo is questionable, since pulse-chase experiments show that most of the Pf3 coat protein accumulates nontranslocated in the absence of YidC (Chen et al, 2002) . In addition, the lipid composition and the lipid arrangement within liposomes may be different from the lipid arrangement found in the cell membrane and may affect the efficiency of membrane insertion (Ridder et al, 2000 (Ridder et al, , 2001 .
The occurrence of autonomous membrane insertion of the Pf3 coat protein is mainly suggested by the results obtained with the 3L mutant. We found that this protein is readily exposed to the periplasmic face in vivo even under conditions when YidC was depleted (Figure 3) . The 3L-Pf3 mutant has previously been shown to insert independently of the membrane potential by in vitro translocation studies with membrane vesicles (Kiefer and Kuhn, 1999; Ridder et al, 2000) . In accordance with these results, the 3L protein was efficiently inserted, even when the liposomes had no membrane potential ( Figure 1C) . Interestingly, when YidC was incorporated into lipid vesicles, the 3L mutant was inserted into the proteoliposomes with a slightly faster kinetic compared to pure liposomes (Figure 7 ). This suggests that YidC enzymatically supports the insertion of 3L-Pf3, although it is not absolutely required.
Previous experiments have shown that the Sec-independent proteins M13 procoat and Pf3 coat hydrophobically interact with the membrane in the absence of YidC Chen et al, 2002) . This leads to a partial partitioning of the protein into the membrane bilayer without the translocation of the hydrophilic domain. The enzymic activity of YidC is to support the translocation event and to promote the folding of the hydrophobic region into a transmembrane configuration. The substrate for YidC is a non-membrane-spanning membrane-bound protein and the product is the transmembrane protein in the bilayer. We propose that YidC functions as a membrane chaperone in supporting these folding reactions within the membrane (Kuhn et al, 2003) . This might be achieved by YidC interacting with the hydrophobic parts of the protein, which has been shown to occur using crosslinking techniques (Chen et al, 2002) and, secondly, by shielding the hydrophilic parts of a translocating protein chain from the lipid phase of the membrane. We think that YidC protein provides the required amphiphilic surface within the membrane that allows the membrane transfer of polar regions of the protein.
The reconstitution studies described here show that YidC on its own is sufficient for the integration of a Sec-independent protein into a lipid bilayer. However, additional unidentified components may make the insertion reaction more efficient in vivo. As had been demonstrated in the reconstitution of the Sec translocase (Brundage et al, 1990; Akimaru et al, 1991) , SecAYE was found as the minimal component in vitro, while additional components, including SecGDFYajC, made the translocation reaction more efficient (Nishiyama et al, 1993; Duong and Wickner, 1997) .
Finally, the observation that YidC can function on its own to promote membrane insertion makes it understandable that Oxa1p in mitochondria can function without a Sec machinery. Whether the Oxa1p homologue in chloroplasts, Alb3, also functions without Sec is still an open question.
Materials and methods
Strains, plasmids and growth conditions
Cloning and mutagenesis experiments were performed with E. coli XL1-Blue recA1 thi supE44 endA1 hsdR17 gyrA96 relA1 lac F 0 (proAB þ lacI q lacZDM15 Tn10) (Stratagene, Heidelberg, Germany). The plasmids pT7-7 encoding the Pf3 coat protein and pET22 encoding Pf3-P2 were used to overexpress the coat proteins in E. coli BL21(DE3)pLysS, which encodes the T7 RNA polymerase under the inducible lacUV 5 promoter (Studier et al, 1990) . YidC depletion experiments were performed in the JS7131 strain (Samuelson et al, 2000) . Expression of Pf3 coat in JS7131 was induced from pUC19 derivatives, where the Pf3 coat sequence was cloned using the Xba1 and EcoR1 restriction sites.
Antibodies
The YidC polyclonal antibody directed against the periplasmic region was generated with a synthetic peptide (DEKYEKYKTIAD-NEC). The YidC antibody to the C-terminal region was raised with the peptide (CLEKRGLHSREKKK) and was a gift from Dr W Neupert (Munich). The Pf3 coat antibody was raised against the purified Pf3 phage.
Protease mapping assay
Cultures (1 ml) of E. coli JS 7131 with pUC19-Pf3 were grown for 2 h at 371C to an optical density of about 0.2 at 600 nm in Luria broth containing ampicillin (100 mg/ml), spectinomycin (25 mg/ml) and either 0.2% arabinose or 0.2% glucose, respectively. Cells were harvested by centrifugation and washed 2 Â in the M9 salt medium. Washed cells were resuspended in M9 minimal medium (Miller, 1972) with 0.2% arabinose or 0.2% glucose, respectively, and with 20 mg/ml of each amino acid but methionine. Cultures (0.5 ml) were continued for 1 h at 371C with shaking to adapt the cells to the M9 medium. IPTG (1 mM) was added to the M9 medium to induce synthesis of the plasmid-encoded proteins. After 10 min, the cells were labelled with 30 mCi [ 35 S]-methionine for 5 min, chilled on ice and centrifuged for 1 min at 41C. The pellet was resuspended in 250 ml 0.1 M Tris-acetate, pH 8.2, 0.5 M sucrose and 5 mM EDTA, and was treated with 80 mg/ml lysozyme (Serva) and diluted with 250 ml of water. After 8 min, 150 ml of 200 mM MgSO 4 was added to stabilize the spheroplasts and collected by centrifugation. The spheroplasts were resuspended in 300 ml of 50 mM Tris-acetate, pH 8.2, 250 mM sucrose and 10 mM MgSO 4 . An aliquot of 100 ml was removed and precipitated with TCA. Another aliquot of 100 ml was removed and treated with 2.5% Triton X-100 and 1 mg/ml proteinase K (Sigma) for 60 min. To the remaining sample, proteinase K was added and incubated on ice for 60 min. After quenching the protease with 5 mM PMSF, the samples were precipitated with TCA and immunoprecipitated with antibodies to Pf3 coat protein, YidC, OmpA or GroE. Samples were then analysed by SDS-PAGE and phosphorimaging.
Expression and purification of YidC protein
The gene encoding wild-type yidC (1647 bp) was cloned with a Cterminal hexahistidine tag into expression vector pBAD Myc-His A (Invitrogen, Paisley, UK). Plasmids were transformed into E. coli strain C43(DE3). Cells were grown in 2xYT medium at 371C until an OD 600 of B0.6 was reached, induced with 0.2% L-( þ )-arabinose, and grown for an additional 3 h at 371C. Cells were resuspended in TSB buffer (20 mM Tris-HCl/300 mM NaCl, 10% glycerol pH 8.0) and broken by two passes in a microfluidizer. The suspension was centrifuged for 50 min at 42 000 rpm (45 Ti rotor), and the membranes were extracted with 1% n-decyl b-D maltopyranoside (DM; Anatrace, Maumee, OH) in TSB for 30 min at 41C. The supernatant was subsequently loaded on a Nickel affinity column (chelating sepharose; Amersham Pharmacia), washed with 0.2% DM/30 mm imidazole in TSB and eluted with 330 mM imidazole. YidC was purified to homogeneity by gel filtration (Superdex-200; Amersham Pharmacia) and ion exchange (Mono-Q; Amersham Pharmacia) at pH 9.0 (10 mM Tris/100 mM NaCl/10% glycerol/ 0.5 mM TCEP/0.1% DM). The protein was concentrated to 5-10 mg/ml (Centricon Plus-20; molecular weight cutoff 100 kDa), flash frozen and stored at À801C.
Purification of Pf3 coat proteins
The cell pellets (5 g) were resuspended in 100 mM Tris-HCl (pH 8.5) buffer containing 8 M urea, treated by ultrasonication at 50% pulse intensity for 10 min and the debris were removed by centrifugation at 20 000 g for 30 min at 41C. The crude extract was fractionated by reversed phase chromatography on an RPC-Source 15 column (Amersham Pharmacia, Buckinghamshire, UK) using a linear gradient from 5 to 80% isopropanol in 100 mM Tris-HCl (pH 7.5) containing 0.1% 1,1,1-trifluoroethanol. The fractions containing the protein were pooled, concentrated by ultrafiltration with an omega filter (1 kDa cutoff; Pall Gelman, Ann Arbor, MI) and further purified by size exclusion chromatography using first a Superdex 200 prep grade column and then a Superdex 75 prep grade column (Amersham Pharmacia). For both columns, the elution buffer was 100 mM Tris/HCl (pH 8.5) containing 10% isopropanol.
Preparation of liposomes and proteoliposomes E. coli lipids (Avanti, Alabaster, AL) were dissolved in chloroform and evaporated under a stream of nitrogen. The dry lipid film was dissolved in 10 mM Hepes buffer (pH 8.0) containing 100 mM Na 2 SO 4 . The lipid emulsion was extruded 10 times through a 0.4 mm membrane (Avanti), resulting in liposomes with a mean particle size of 250 nm as determined by photon correlation spectroscopy (Coulter, Hialeah, FL). For preparing proteoliposomes, the YidC protein (10 mM Tris/100 mM NaCl/10% glycerol/0.5 mM TCEP/ 0.1% DM) was added to the lipid solution and extruded as described above.
For generating energized liposomes or proteoliposomes, the sedimented liposomes (10 min airfuge; Beckman, Stanford, CA) were resuspended in 10 mM Hepes buffer (pH 8.0) containing 100 mM K 2 SO 4 . After addition of 0.25 mM valinomycin, a transmembrane potential was generated as measured by oxonol VI fluorescence at a wavelength (excitation/emission) of 599/634 nm (Apell and Bersch, 1987; Venema et al, 1993) . The proteins per liposome were calculated from the liposome surface area (200 000 nm 2 ) and a lipid density of 6.5 lipid molecules/nm 2 (Eisenhawer et al, 2001 ).
